In this paper, an accurate analytical subdomain model to calculate electromagnetic performances of bearingless flux-switching permanent magnet (BFSPM) machines is developed. The entire region of the machine is divided into six subdomains, including slots, air gap, magnets, and so on. According to the Neumann boundary conditions between the subdomains and the iron and the continuity conditions at the interface between the adjacent subdomains, the magnetic field distributions of subdomains are obtained by solving the Maxwell equations. In addition, a method to compensate the saturation effect is proposed, and the magnetic saturation of the stator and rotor is considered by the actual B-H characteristics. Based on the proposed analytical method, the air-gap flux density distributions of the machine with different iron material under linear and nonlinear conditions are predicted. Further, the electromagnetic performances including the cogging torque, electromagnetic torque, flux linkage, back-EMF, inductance, and suspension force are calculated. These analytical results are compared with those obtained by the Finite Element Analysis (FEA) to verify the accuracy of the proposed analytical method.
I. INTRODUCTION
In recent decades, flux-switching permanent-magnet (FSPM) machines have attracted many scholars' attention for its high power density, high torque density, and robust rotor [1] - [3] . However, FSPM machines are generally supported by traditional mechanical bearings, and a severe friction will inevitably occur between the rotor and the bearing at the high speed, which may increase the maintenance cost, or cause damage to the machine. In order to solve this problem, scholars applied the bearingless technology to FSPM machines, which are the bearingless flux-switching permanent-magnet (BFSPM) machines. Compared to the conventional rotor permanent-magnet bearingless machines having magnets in the rotor, BFSPM machines have the permanent magnets (PMs) located on the stator, so PMs have good thermal dissipation conditions and no demagnetization risk [4] . The rotor
The associate editor coordinating the review of this manuscript and approving it for publication was Su Yan . of the BFSPM machine is identical to that of the switched reluctance machines, which is only consist of a stack of steel laminations, so that it has the high mechanical strength and is suitable for high speed applications [5] . BFSPM machines have broad application prospects in the fields of the biological pharmaceutical, semiconductor, chemical industry, and so on [6] , [7] .
Scholars have done a lot of researches on bearingless machines [8] - [11] . However, there are few achievements related to BFSPM machines. Because of the complex structure, the design and geometry optimization of BFSPM machines mainly adopts the Finite Element Analysis (FEA) [12] - [16] . Although the FEA has high accuracy and ability to perform the nonlinear calculation, it suffers from a long computational time and unclear physical principle. Therefore, the FEA has a great limitation in the initial design and performance optimization of BFSPM machines.
To overcome the shortcomings of the FEA, scholars have proposed some analytical methods, including the magnetic equivalent circuit (MEC) method [17] , relative permeance method [18] , Schwarz-Christoffel transform method [19] , and subdomain model method [20] , [21] . Nevertheless, to authors' knowledge, there are only two literatures related to BFSPM machines. In [17] , the magnetic field of BFSPM machines is analytically calculated by the MEC method. Although the modeling of the MEC method considers the magnetic saturation, but there are some problems in the magnetic equivalent circuit method, such as the complicated modeling process and long iterative calculation time. In [18] , the relative permeance function is obtained by the Schwarz-Christoffel transform, and combined with the MMF distribution of the BFSPM machines to calculate the suspension force. However, the flux density calculated by the method only contains the radial component, so it is impossible to use the Maxwell stress tensor method to compute the cogging torque and other electromagnetic performances. Furthermore, the relative permeance method does not take the interaction between slots into account. Hence, for machines which are of the double-salient structure, the accuracy of the relative permeance method is not high. For the study of BFSPM machines, theoretical analysis methods of machines with the doubly-salient structure can be used for reference. In [19] , the air-gap magnetic density and unbalanced magnetic force of variable reluctance machines are analytically predicted by the Schwarz-Christoffel transform method. However, the stator of BFSPM machines is discontinuous, so it is impossible to directly map the doubly-slotted air gap to the slotless air gap by the Schwarz-Christoffel transform method. In [20] , an accurate subdomain model for the 12/10-pole FSPM machine is built, but it is not necessary to adopt the boundary condition which is that the divergence of the magnetic flux density around the stator segment is set to zero. In [21] , analytical subdomain models of various types of FSPM machines are established, and general solution expressions of various types of subdomains are given. The analytical results of the flux linkage and back-EMF are consistent with the FEA results. The vector potential is set to zero at the infinity radius, but the external leakage flux cannot extend to the infinite distance. Therefore, this paper puts forward another Dirichlet condition which is more suitable for the actual situation. Compared with other methods, the subdomain model method considers the interaction between slots, so it has higher accuracy and is suitable for the prediction of the electromagnetic performances of BFSPM machines. In order to generate the suspension force by the magnetic field modulation, the PM volume of BFSPM machines is less than that of FSPM machines, so that the bias magnetic field generated by PMs is small and the iron is not saturated under the no-load condition. However, when a large suspension force is required or the load is heavy, a large current flows into the armature winding, and due to the unique structure of the BFSPM machine, the machine can generate strong flux focusing effect to result in the iron saturation. At present, in the relevant studies of FSPM machines, only the MEC method considers the saturation effect [22] - [24] , but the modeling process of the MEC method is complex. In the analytical methods, the subdomain model method has the highest accuracy, and the saturation effect is an important characteristic of the machines. Therefore, it has high value to study the saturation effect of BFSPM machines by the subdomain model method.
In this paper, an accurate analytical subdomain model is built to calculate the electromagnetic performances of the BFSPM machines. In addition, a saturation compensation method is proposed to predict the nonlinear performances of the machines. The article is organized in the following way. In Section II, the topology of the BFSPM machines is introduced. Then, in Section III, according to the Neumann boundary conditions and Dirichlet condition, the general solution expressions of subdomains are obtained. In Section IV, based on the continuity conditions between adjacent subdomains, the Maxwell equations are solved to obtain the magnetic field of the machine. In Section V, the saturation compensation method is presented. Finally, the linear and nonlinear electromagnetic performances of the machine are predicted in Section VI, and the analytical results are compared to those obtained by the FEA. Fig.1 shows the cross-section of 12/10-pole BFSPM machine which is used for analysis. The BFSPM machine is of doublysalient structure, and the stator is consist of 12 segments of ''U''-shaped iron cores, between which PMs are sandwiched and magnetized circumferentially in alternative opposite directions. The rotor contains a stack of steel laminations and has 10 teeth. There are six phase windings, and each phase winding is composed of two coils in series. For example, A 1+ and A 1− represent the positive and negative terminal of the A1 coil respectively, and other definitions are similar to them. The A-phase winding is comprised of the A1 coil and A2 coil. The x axis is defined as the horizontal axis, which is coincident with the axis of the A1 coil, and the y axis is the vertical axis, which coincides with the axis of the A2 coil. Where, β r is the rotor slot opening width, β s is the stator slot opening width, β f is the opening width between two adjacent ''U''-shaped iron cores (PM slot), θ 0 is the initial position of the rotor, R 1 is the internal radius of rotor slots, R 2 is the external radius of rotor slots, R 3 is the internal radius of stator slots, R 4 is the external radius of stator slots, R 5 is the internal radius of PMs, R 6 is the external radius of PMs.
II. BEARINGLESS FLUX-SWITCHING PERMANENT-MAGNET MACHINE A. TOPOLOGY OF BFSPM MACHINE
The BFSPM machine is divided into 6 subdomains, as Fig.2 displays. In order, they are rotor slots, internal air gap, stator slots, PM-slot air gap, PM, and external air gap. In addition, the positions of all slots are defined in the 2-D polar coordinate system:
where, θ i is the position of the center of the ith rotor slot, θ j is the position of the center of the jth stator slot, θ k is the position of the center of the kth PM slot, N rt is the number of rotor teeth, N st is the number of stator teeth. 
B. SUSPENSION MECHANISM
The 12/10-pole BFSPM machines studied in this paper is a single-winding structure, so the winding current contains both the torque current component which controls the rotation of the rotor, and the suspension current component which controls the suspension of the rotor, that is:
where, i A − i F represent the six-phase winding currents, i AT − i FT represent the torque current component of the six-phase winding, i AS − i FS represent the suspension current component of the six-phase winding.
As can be seen in Fig.1 , at the two symmetrical air gaps in the 12/10-pole BFSPM machines, the overlap area of the stator and rotor is equal, so the PMs will establish a spatially symmetric magnetic field in the air gap, producing the same flux φ PM 1 in the air gap numbered 1 and 2, and producing the same flux φ PM 2 in the air gap numbered 3 and 4. When a positive suspension current is injected into the A-phase winding, it will generate the flux φ AS in the air gap numbered 1 and 3. As a result, the flux in the air gap numbered 1 and 3 respectively increases to φ PM 1 + φ AS and φ PM 2 + φ AS , and the flux in the air gap numbered 2 and 4 is invariable. According to the Maxwell stress tensor method, the rotor will be subject to the magnetic force along the x-axis because of the flux change in the air gap numbered 1 and 2, and the rotor will be subject to the magnetic force along the y-axis on account of the flux change in the air gap numbered 3 and 4. Therefore, the stable suspension of the rotor can be achieved by controlling the suspension current.
III. ANALYTICAL SUBDOMAIN MODEL A. MAXWELL EQUATION AND ASSUMPTION
The proposed subdomain model is calculated in the 2-D polar coordinate system (r, θ), where the r axis coincides with the x axis. For the convenience of analysis, the following assumptions are made:
1) The permeability of iron cores is infinite.
2) The eddy current effect is neglected.
3) The end effect is neglected. 4) The current densities of stator slots have only z-axis component, and is uniformly distributed. 5) All the sides of the machine are in radial or circumferential direction.
According to the field theory, the magnetic field of the machine can be represented by the vector potential [25] :
where, µ 0 is the permeability of vacuum, µ r is the relative permeability, A is the vector potential, M is the magnetization vector, J is current density vector. The Laplace or Poisson equations for 6 subdomains can be obtained by (3) , and in the 2-D polar coordinate system, the vector potential only contains the z-axis component:
The Laplace equation for rotor slots is:
Based on the Neumann boundary conditions between rotor slots and the iron core, namely, along the bottom and edge of rotor slots, the tangential component of the magnetic field intensity is equal to zero, and according to the separation of variables method [26] , the general solution of the vector potential in rotor slots can be given by:
where, A im and A i0 are coefficients to be determined in rotor slots, m is the number of harmonics of the magnetic field in rotor slots.
C. GENERAL SOLUTION IN INTERNAL AIR GAP
The Laplace equation for the internal air gap is:
The general solution of (7) is:
where, B 1n , B 2n , B 3n , and B 4n are coefficients to be determined in the internal air gap, n is the number of harmonics of the magnetic field in the internal air gap.
D. GENERAL SOLUTION IN STATOR SLOT
The 12/10-pole BFSPM machine adopts the concentrated non-overlapping winding. There are two coils placed in each stator slot, so the current density in the jth stator slot can be expressed as:
where, J j1 and J j2 represent the current density of the first and second coil in the jth stator slot, respectively. In order to obtain the expression of the current density in the jth stator slot, the current density is extended by the image method, as can be shown in Fig.3 , and it can be expressed by the Fourier series expansion:
where,
The Poison equation for stator slots is:
The general solution of (12) can be given by:
where, C jp and C j0 are coefficients to be determined in stator slots, p is the number of harmonics of the magnetic field in stator slots.
E. GENERAL SOLUTION IN PM-SLOT AIR GAP
The Laplace equation for the PM-slot air gap is:
The general solution of (14) is:
where, D k1q , D k2q , D k20 , and D k10 are coefficients to be determined in the PM-slot air gap, q is the number of harmonics of the magnetic field in the PM-slot air gap.
F. GENERAL SOLUTION IN PM
In the 2-D polar coordinate system, the magnetization vector can be expressed as:
where, e r and e θ are the radial and tangential component of the unit vector.
In this paper, the PMs are alternately magnetized along the tangential direction, so the tangential and radial components of the magnetization vector of each PM can be given by:
where, B rem is the remanence of the PM. The Poison equation for PMs is:
The general solution of the vector potential in PMs is:
where, E k1s , E k2s , E k20 , and E k10 are coefficients to be determined in PMs, s is the number of harmonics of the magnetic field in PMs.
G. GENERAL SOLUTION IN EXTERNAL AIR GAP
Since the PMs are in contact with the external air gap in the BFSPM machine, some of the flux generated by the PMs or the armature reaction will interlink with the external air gap to form an external flux leakage. Therefore, it is necessary to contain the external air gap in the calculation of the subdomain model method.
The Laplace equation for the external air gap is:
Because the flux linkage is closed, and it can't extend outside indefinitely, the Dirichlet condition of the external air gap can be shown as:
where, R 7 is the radius of the external air gap. According to the above boundary conditions, the general solution of the external air gap can be obtained as follows:
where, F 1t and F 2t are coefficients to be determined in the external air gap, t is the number of harmonics of the magnetic field in the external air gap.
IV. SOLUTION OF COEFFICIENTS TO BE DETERMINED
There are 18 coefficients to be determined in the general solution expressions of the 6 subdomains obtained in the previous section, including
In this section, according to the interface conditions between adjacent subdomains, the relations of coefficients to be determined of each subdomain are obtained, and then the 18 coefficients to be determined can be solved to obtain the magnetic field distributions of the BFSPM machine.
A. INTERFACE BETWEEN ROTOR SLOT AND INTERNAL AIR GAP
At the interface between each rotor slot and the internal air gap, the vector magnetic potential is continuous and the tangential component of the magnetic field intensity is equal, then the interface conditions can be shown as:
By observing the general expressions of the two subdomains, it can be seen that the expressions of the two subdomains have different harmonic number and different fundamental frequency. Therefore, the relations between the coefficients to be determined of the two subdomains should be obtained by the Fourier series expansion.
From (23), the following equations can be obtained:
From (24), the following equations can be obtained: The interface conditions between the internal air gap, stator slots and the PM-slot air gap are expressed as:
From (29) and (30), the following equations can be obtained:
From (31), the following equations can be obtained:
C. INTERFACE BETWEEN PM-SLOT AIR GAP AND PM
The interface conditions between the PM-slot air gap and PMs are shown as:
From (38), the following equations can be obtained:
From (39), the following equations can be obtained:
D. INTERFACE BETWEEN PM AND EXTERNAL AIR GAP
The interface conditions between PMs and external air gap are given by:
From (44), the following equations can be obtained:
From (45), the following equations can be obtained:
The 18 equations which include (25)-(28), (32)-(37), (40)-(43), and (46)-(49) are transformed into the matrix form, and the harmonic numbers including m, n, p, q, s and t are set to certain constants. By combining 18 matrix equations, the coefficients to be determined of each subdomain can be calculated by means of the numerical analysis software. Then, the magnetic field distributions of all subdomains can be obtained.
V. SATURATION EFFECT COMPENSATION METHOD
In order to generate the controllable suspension force, the radial length of the PMs is decreased to reduce the bias magnetic field of the machine. Under the no-load case, the iron will not enter the saturation, but when the load is large or a large suspension force is required, the corresponding large current will lead to the partial saturation of the iron. Thus, the stator and rotor may enter the saturation under large current excitation cases. The rotor position is not fixed, so it is difficult to consider the saturation effect of the stator and rotor by one unique saturation factor. Therefore, this paper proposes a saturation effect compensation method to calculate the independent saturation factor of the stator and rotor, respectively.
A. SATURATION FACTOR OF THE STATOR
When calculating the stator saturation factor, the slotting effect of the rotor is ignored and the rotor is assumed to be a linear iron. The magnetic flux distribution for calculating the stator saturation factor can be obtained, as shown in Fig.4 .
Where, stl1 − stl24 represent the magnetic flux of the lower half of 24 stator teeth, stu1 − stu24 represent the magnetic flux of the upper half of 24 stator teeth, sy1 − sy12 represent the magnetic flux of 12 stator yokes, pm1 − pm12 represent the sum of flux flowing through 12 PMs and flux leakage outside PMs, pms1 − pms12 represent the magnetic flux of 12 PM slots.
The subdomain model derived above can be used to calculate the flux distribution of BFSPM machines quantitatively, and the relationship between the magnetic field distribution in subdomains and the vector potential can be expressed as:
where, B r is the radial component of the flux density, B θ is the tangential component of the flux density.
It can be noted that the magnetic flux of the lower half of stator teeth is mainly along the radial direction. Thus, the radial component of the flux density distribution of the airgap subdomain should be required. The radial and tangential component of the flux density in the air-gap subdomain can be calculated by:
According to the magnetic field distribution in the air-gap subdomain, the magnetic flux flowing through each stator tooth can be given by:
where, L is the Axial length of the machine. Then, the flux density of the lower part of each stator tooth can be calculated by:
From the actual B-H characteristic curve of the stator iron, the corresponding magnetic field intensity of the lower half of each stator tooth (H stlx ) can be obtained. Therefore, the magnetic voltage drop of the lower half of each stator tooth can be expressed as:
where, l st is the radial length of stator teeth.
The magnetic flux of PM slots is in the tangential direction, so the tangential component of the flux density distribution of the PM-slot subdomain should be obtained, and the expression can be shown as:
Then, the magnetic flux flowing through each PM slot can be computed by:
The other parts of the magnetic flux distributions can be obtained from the magnetic flux of the lower half of stator teeth and the magnetic flux of the PM slots. From the magnetic flux distribution in Fig.4 , an equation system can be obtained:
The magnetic flux of the upper half of each stator tooth can be calculated by (59). Then, the flux density of the upper part of each stator tooth can be given by:
The magnetic field intensity of the upper half of each stator tooth (H stux ) can be obtained by the actual B-H characteristic curve of the stator iron, and the magnetic voltage drop of the upper half of each stator tooth can be calculated as:
For BFSPM machines, the stator tooth is easy to enter the saturation, but the stator yoke is generally in the linear state. Therefore, the magnetic voltage drop of the stator yoke is ignored for the convenience of the calculation. It can be seen that the calculation of the stator magnetic voltage drop can be solved for any rotor position. It is obvious that when the iron does not enter the saturation, the permeability is enormous, resulting in the magnetic voltage drop of the iron close to zero, and when the iron enters the saturation, the permeability of the iron decreases sharply, and the magnetic voltage drop increases accordingly. Therefore, it can be found that the magnitude of the magnetic voltage drop of the iron reflects the iron saturation degree. The saturation factor of each stator tooth can be defined as:
where, H gsx is the magnetic field intensity in front to each stator tooth.
The distribution of the stator saturation factor (K sats ) can be obtained, which reflects the influence of the stator saturation effect on the air-gap magnetic field.
B. SATURATION FACTOR OF THE ROTOR
Similarly, the magnetic flux distribution for calculating the rotor saturation factor can be obtained by neglecting the slotting effect and saturation effect of the stator, as can be seen in Fig.5 . Where, rt1 − rt10 represent the magnetic flux of 10 rotor teeth, ry1 − ry10 represent the magnetic flux of 10 rotor yokes.
The magnetic flux in each rotor tooth can be calculated by:
Then, the flux density of each rotor tooth can be obtained by:
According to the actual B-H characteristic curve of the rotor iron, the magnetic field intensity of each rotor tooth (H rty ) can be obtained, so that the magnetic voltage drop of each rotor tooth can be calculated as:
where, l rt is the radial length of rotor teeth. Similarly, in order to facilitate the calculation, the magnetic voltage drop of the rotor yoke is not taken into account. Hence, the saturation factor of each rotor tooth can be defined as:
where, H gry is the magnetic field intensity in front to each rotor tooth. From (66), the rotor saturation factor distribution (K satr ) can be obtained, which reflects the influence of the rotor saturation effect on the air-gap magnetic field.
Combined with the saturation factors of the stator and rotor, the air-gap flux density of the machine under nonlinear conditions can be predicted, and the radial component of the air-gap flux density under nonlinear conditions can be expressed as:
VI. ANALYTICAL RESULTS AND FEA VALIDATION
To verify the accuracy of the analytical method proposed in this paper, the FEA of the machine is carried out. The major parameters of the 12/10-pole BFSPM machine are shown in Table 1 . In this section, the linear and nonlinear electromagnetic performances of the machine are analytically calculated based on the analytical method, and the results are compared with those obtained by the FEA method. 
A. AIR-GAP FLUX DENSITY UNDER LINEAR CONDITION
The radial and tangential components of the air-gap flux density can be calculated by (52) and (53). Fig.6 and Fig.7 are the comparison between the analytical and FEA results of the radial and tangential component of the air-gap flux density under no-load and load respectively. The air-gap magnetic field is only generated by the PMs under no load. The airgap magnetic field under load is produced by the PMs and armature reaction, and the six-phase armature currents in the 12/10 pole BFSPM machines can be expressed as:
where, θ represents the position of the rotor, i m is the amplitude of the armature current. It can be seen that the radial and tangential components of the air-gap flux density calculated by the subdomain model are in good agreement with those obtained by the FEA, indicating that the subdomain model has high accuracy.
B. AIR-GAP FLUX DENSITY UNDER NONLINEAR CONDITION
In order to verify the correctness of the saturation effect compensation method, the radial component of the air-gap flux density under nonlinear conditions is predicted. As for the tangential component of the air-gap flux density, its amplitude is rather small, so it is basically consistent with that under the linear case.
According to the saturation effect compensation method introduced in Section V, the no-load and load air-gap flux density distributions of the machine with two typical iron cores at the different rotor positions under nonlinear conditions are calculated, and the B-H characteristic curves of the iron cores are displayed in Fig.8 . In order to study the magnetic field generated by high-remanence PMs, the remanence of PMs is increased by once to make the iron into the saturation under no load. Under load, the remanence of PMs is unchanged, and the armature currents are increased. The analytical results are compared with the FEA results, as shown in Fig.9-12 . From the figures, it can be found that although there are some deviations, the results predicted by the analytical method are close to the FEA results. Therefore, the saturation effect compensation method can effectively compensate the saturation of the iron. In addition, the saturation effect compensation method is suitable for the machine with different iron cores. 
C. COGGING TROQUE AND ELECTROMAGNETIC TORQUE
The torque ripple and load capacity are important electromagnetic performances of the machines, so it is necessary to obtain the cogging torque and electromagnetic torque, and they can be calculated by the Maxwell stress tensor method:
The cogging torque and electromagnetic torque under a light load are predicted by the analytical model and FEA method, and the results are compared in Fig.13 and Fig.14, respectively. As can be seen, the cogging torque and electromagnetic torque calculated by subdomain model are consistent with the results obtained by the FEA basically. Therefore, the analytical method can be used for the calculation of the cogging torque and electromagnetic torque. In industrial applications, the load is often large, so a large torque current component is required, which may cause the iron to become saturated. Therefore, it is necessary to calculate the electromagnetic torque under the nonlinear condition. The electromagnetic torque under a heavy load is calculated by the analytical method and FEA method, and the comparison results are displayed in Fig.15 . It can be seen that the results are in good agreement. Thus, the saturation effect compensation method can be used to calculate the electromagnetic torque under the nonlinear condition.
D. FLUX LINKAGE, BACK-EMF, AND INDUCTANCE
Assuming that the coils are uniformly distributed in the slot, the flux linkage of the coil in each slot can be obtained by integrating the vector potential in the slot. For the winding structure in this paper, there are two coil distributed in each stator slot, so it is necessary to calculate the two coil separately, to obtain the corresponding flux linkage.
For the coil with the J j1 current density, the flux linkage of the coil can be obtained by:
where, S s is the surface of the coil in the stator slot.
Similarly, for the coil with the J j2 current density, the flux linkage of the coil can be given by:
The flux linkage of the phase winding is equal to the algebraic sum of the flux linkage of the coil comprising the phase winding. Therefore, according to the connection of windings, the flux linkage of six phase windings can be obtained as:
where, ψ A − ψ F are the six-phase flux linkage, 
According to the flux linkage differential method, the back-EMF of the six phase windings can be computed by:
where, e A − e F is the six-phase back-EFM, θ r is the rotor electric angle.
The open-circuit flux linkage and back-EMF of the A phase wingding are predicted by both the subdomain model and the FEA method in Fig.16 and Fig.17 . From figures, it can be seen that the results achieve a reasonable agreement, which further verifies the accuracy of the subdomain model. According to the definition of the self-inductance and mutual inductance, it can be known that they can be calculated by (73). For example, the self-inductance of A phase and the mutual inductance with other five phases can be determined by:
where, i A is the A-phase current, L AA is the A-phase selfinductance, M BA − M FA are the mutual inductance.
The self-inductance and mutual inductance are analyzed by the analytical subdomain model and the FEA. The results are shown in Fig.18 . As seen, the subdomain model achieve similar results as the FEA method, and the subdomain model has high precision for the calculation of the self-inductance and mutual inductance. 
E. SUSPENSION FORCE
The analytical calculation of the suspension force is important for the reasonable design of the machines' dimension parameters, so it is necessary to predict the suspension force exactly. With the help of the Maxwell stress tensor method, the suspension force is expressed as the following equations [27] . where, F x is the horizontal component of the suspension force, F y is the vertical component of the suspension force. The suspension force in the x and y directions when the A-phase winding is injected into 1A suspension current component is calculated by using (78) and (79), and Fig.19 compares the subdomain model and FEA method of the suspension force. The comparison results shows the subdomain model has high accuracy to predict the suspension force. When a large suspension force is required, a corresponding suspension current component should be injected into the windings, and then, the iron may enter saturation. Hence, the calculation of the suspension force cannot be confined to the linear case, and it is also necessary to analyze and predict the suspension force under nonlinear conditions. Fig.20 is the comparison between the analytical and FEA results of the suspension force under a nonlinear condition, and they are in a reasonable agreement. Therefore, the analytical method is suitable to predict the suspension force of the BFSPM machine under the nonlinear condition, and it further verifies the accuracy of the saturation effect compensation method.
VII. CONCLUSION
In this paper, an accurate analytical subdomain model is developed to calculate the magnetic field distribution for the 12/10-pole BFSPM machine. In addition, a saturation effect compensation method is proposed to predict the nonlinear performances of the machine. Firstly, the entire region of the machine is divided into 6 subdomains, and according to the boundary conditions between subdomains and the iron and the continuity conditions between adjacent subdomains, the magnetic field distributions in subdomains are obtained. Then, the saturation effects of the stator and rotor are calculated separately by the actual B-H characteristics of the iron, so as to compensate the magnetic saturation. Based on the proposed analytical method, the air-gap flux density distributions of the machine with different iron material under linear and nonlinear conditions are calculated. Further, the cogging torque, electromagnetic torque, flux linkage, back-EMF, inductance and suspension force of the machine are predicted by the flux linkage differential method and Maxwell stress tensor method. These analytical results are compared with those obtained by the FEA, and it can be seen that the analytical subdomain model proposed in this paper has high precision and the saturation effect compensation method is suitable to consider the iron saturation of the BFSPM machines.
